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McGeehan and Olive (2003) reported that MPEP attenuates cocaine conditioned place preference in mice, and Kenny et al. (2003) reported that MPEP reduces i.v. self-administration of cocaine in rats. Collectively, these results point to a potentially important role for mGluR5 mechanisms in the reinforcing effects of cocaine and suggest that MPEP may have properties of a functional cocaine antagonist. The nature of this apparent antagonism and the effectiveness with which MPEP attenuates other effects of cocaine related to its abuse have not been explored systematically.
The purpose of the present study was to investigate the interactions of MPEP with cocaine in squirrel monkeys whose lever-pressing behavior was: 1) maintained under a second-order schedule of i.v. cocaine self-administration, 2) extinguished and then reinstated by priming with cocaine, and 3) controlled by the discriminative stimulus (DS) effects of cocaine. Additionally, observational studies characterized the effects of MPEP on a range of observable behaviors, coordination and muscle resistance. In each type of experiment, the behavioral effects of MPEP were compared with those of dizocilpine, as well as CGP 37849 [DL-(E)-2-amino-4-methyl-5-phosphono-3-pentenoic acid; Chapman et al., 1991] in drug discrimination experiments.
Comparative studies with these reference NMDA receptor antagonists were included to explore the possible contribution of NMDA receptor mechanisms in the interactions between MPEP and cocaine. Although MPEP exhibits high selectivity at mGluR5 receptors in vitro and in vivo (Gasparini et al., 1999; Thomas et al., 2001) , MPEP has been reported to decrease NMDAmediated neuronal toxicity (O'Leary et al., 2000) and to interact functionally with NMDA receptors in rats (Pisani et al., 2001; Homayoun et al., 2004) . The latter findings suggest that the cocaine-attenuating effects of MPEP may be mediated, at least in part, via modulation of NMDA receptor activity.
JPET #78733 8 lights were off and responses had no scheduled consequences, followed each cocaine injection.
If the FR requirement was not completed within 8 min following the expiration of the FI, the timeout period was started automatically without an injection (limited hold). Daily sessions ended after completion of five cycles of the second-order schedule or a maximum session length of 90 min. In preliminary studies, the dose of cocaine was varied over a 3-10-fold range to determine the dose that maintained maximum rates of responding for each monkey. These doses were 0.1 mg/kg/injection (one monkey), 0.18 mg/kg/injection (2 monkeys), and 0.3 mg/kg/injection (4 monkeys) and were held constant for the remainder of the study.
Testing began after stable baseline rates of responding were established (minimum of five sessions with no increasing or decreasing trend in response rate over at least three consecutive sessions). During test sessions, monkeys were pretreated i.m. with MPEP (0.1-1.0 mg/kg), dizocilpine (0.003-0.03 mg/kg), or vehicle 5 min before the session. Pretreatment times were based on previous behavioral studies with dizocilpine in squirrel monkeys (Wiley et al., 1997) and pilot time-course investigations with MPEP in squirrel monkeys (R.D. Spealman, unpublished observation) and rodents (Gasparini et al., 1999) . Between test sessions with different drug pretreatments, baseline sessions were conducted until responding stabilized for at least 3 consecutive days as described above. Test sessions typically were conducted once per week, and the order of drug testing was varied across monkeys. Of the seven monkeys used in these studies, six were tested with all doses of MPEP and dizocilpine, one was tested only with MPEP, and one was tested only with dizocilpine.
Reinstatement of Cocaine Seeking. Five of the monkeys used in the experiments described above also were tested in experiments involving reinstatement of cocaine-seeking behavior using procedures similar to those described by Khroyan et al. (2000) . Following a period of stable This article has not been copyedited and formatted. The final version may differ from this version. responding under the second-order schedule of cocaine self-administration described above, cocaine-seeking behavior was extinguished by substituting saline for cocaine and omitting presentations of the cocaine-paired stimulus. Extinction sessions were otherwise identical to those described above for cocaine self-administration. Extinction sessions were conducted daily until responding declined to ≤10% of the response rate maintained by cocaine self-administration (4-15 sessions depending on the subject), at which time reinstatement tests were started. Test sessions used the same procedures as i.v. cocaine self-administration, except that only saline was available for self-administration. During these tests, monkeys were pretreated i.m. with MPEP, dizocilpine, or vehicle 5 min prior to an i.v. priming injection of cocaine, which was administered immediately before the session. The effects of MPEP and dizocilpine were determined first on reinstatement of drug seeking induced by 0.3 mg/kg cocaine followed by additional tests of the effects of the drugs on reinstatement induced by a higher dose of cocaine (1.0 mg/kg). The effects of MPEP and dizocilpine in the absence of cocaine also were determined by administering the drugs individually without a subsequent priming injection.
Four or five monkeys were used in each type of experiment. Between experiments with different drugs or drug combinations, self-administration of cocaine was re-established and subsequently extinguished using the procedures and criteria described above. Previous studies showed that periodically re-establishing and then extinguishing drug seeking between experiments permits reinstatement of drug seeking to be induced reliably by cocaine over >2 years of testing (Khroyan et al., 2000) .
Cocaine Discrimination. Monkeys were trained to discriminate cocaine from saline using procedures described by Spealman et al. (1991) . Briefly, each monkey was trained to respond differentially on the left and right levers depending on whether cocaine (0.3 mg/kg, i.m.) or This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 18, 2004 as DOI: 10.1124 at ASPET Journals on April 26, 2016 jpet.aspetjournals.org Downloaded from vehicle had been injected. During each training session, 10 consecutive responses on one lever (left for 4 monkeys, right for 3 monkeys) produced a pellet of food if cocaine had been injected, whereas 10 consecutive responses on the other lever produced a pellet of food if vehicle had been injected. Each response on the inappropriate lever (e.g., the vehicle lever when cocaine had been injected) reset the FR 10 requirement. Delivery of each food pellet was followed by a 10-s timeout period, during which the chamber was dark and responses had no scheduled consequences.
Daily training sessions consisted of a variable number of components (n = 1-4) of the basic procedure described above. The number of components per session was randomized from dayto-day with the restriction that each number occurred equally often within a block of 20 sessions.
Each component ended after 10 food pellets had been delivered or after 5 min had elapsed, whichever occurred first. An extended (10-min) timeout, during which injections of cocaine or vehicle could be administered, preceded each component of a session. During most training sessions, vehicle was injected at the midpoint of the 10-min timeout preceding the first n-1 components, and cocaine was injected at the midpoint of the timeout preceding the last component of the session. Periodically, saline was injected during timeout periods preceding all four components of a session to prevent an invariant association between cocaine injection and the 4 th component. Observational Studies. Six monkeys were studied in daily 30-min observational sessions, during which the animal's behavior was videotaped continuously. Scoring of videotapes was conducted by two observers, who were trained in the use of the behavioral scoring system described by Platt et al. (2000) , but were not informed about the drugs under investigation.
Before beginning the study, observers underwent at least 20 h of training until they met an interobserver reliability criterion of at least 90%. The behavioral scoring system included ten categories (Table 1) Additionally, during the 6 th , 18 th and 30 th min of each session, the monkey's leash was attached to a stainless steel transport pole, and it was removed briefly from the observation arena by a trained handler for evaluation of ataxia and muscle resistance (Platt et al., 2000) . This technique effectively limited the monkey's access to the region of the transport pole farthest away from the handler and afforded safe evaluation of balance and resistance to leg extension.
Ataxia was defined as the inability to balance on and/or grasp the pole (56.0 cm long, 1.0 cm in diameter) held in a horizontal plane. Muscle resistance was defined as increased resistance to manual extension of a hind limb and/or clinging to the grid floor of the observation arena.
During each assessment, a score of 0, 1 or 2 was assigned to each measure. For ataxia, a score of 0 indicated that the monkey was able to balance normally on the pole, a score of 1 indicated inability to balance effectively, and a score of 2 indicated that the monkey could neither balance on nor grasp the pole. For muscle resistance, a score of 0 indicated no increased resistance to hind-limb extension, a score of 1 indicated either an increased resistance to extension of the hind limb or clinging to the grid floor, and a score of 2 indicated strong resistance to hind-leg extension and clinging to the grid floor. Test sessions with MPEP (0.1-1.8 mg/kg) and dizocilpine (0.003-0.03 mg/kg) were conducted once or twice per week, with vehicle control sessions on intervening days. All injections were administered i.m. 5 min prior to placing the subject in the observation arena.
This article has not been copyedited and formatted. The final version may differ from this version. and assessments of ataxia and muscle resistance, individual scores were averaged across the three 5-min observation periods because no significant differences across the three periods were observed for any measure (as determined by repeated measures ANOVAs). Scores for individual subjects were then averaged across monkeys (n=6 per experiment). Data from all experiments were analyzed with repeated measures ANOVA; planned comparisons were performed with Dunnett's test or Bonferroni t-test, as appropriate, using the SigmaStat Although there was a tendency for dizocilpine to reduce the rate of responding induced by cocaine priming, the effects were variable across subjects, ranging from a 48% increase in response rate to a 93% decrease in response rate depending on individual subject and dose.
Averaged for the group of five monkeys, the mean response rate after pretreatment with the highest dose of dizocilpine (0.03 mg/kg) was 75% of the response rate induced by priming with 0.3 mg/kg cocaine and 55% of the response rate induced by priming with 1.0 mg/kg ( Table 2) .
Neither of these effects differed significantly from those observed after vehicle pretreatment. In the absence of cocaine priming, neither MPEP (0.1-1.0 mg/kg) nor dizocilpine (0.003 -0.03 mg/kg) induced significant reinstatement of cocaine-seeking behavior (Table 3) .
This article has not been copyedited and formatted. The final version may differ from this version. cocaine by MPEP was observed at doses that had little or no effect on the average response rate (Fig. 3, bottom panel) .
In contrast to MPEP, pretreatment with dizocilpine (0.01 and 0.03 mg/kg) and CGP 37849
(1.0 and 10.0 mg/kg) either had little effect on or enhanced the DS effects of cocaine, resulting in an overall leftward shift of the cocaine dose-response curve (Fig 4, top panels reduce the average rate of responding (Fig. 4, bottom panels) . The highest dose of CGP 37849 (10.0 mg/kg), however, decreased the response rate significantly when combined with 0.3 mg/kg cocaine, and the highest dose of cocaine (1.0 mg/kg) decreased the response rate significantly when tested alone or combined with either dizocilpine or CGP 37849 (p < 0.05, Bonferroni ttest). In the absence of cocaine, none of the glutamate antagonists engendered significant cocaine-lever responding up to doses that induced emesis (1.8 mg/kg MPEP) or eliminated operant responding (0.1 mg/kg dizocilpine) in the majority of animals tested (Table 3 ).
Observable Behavior. As shown in Table 4 , MPEP induced a significant reduction in overall locomotion (F 4,16 = 16.5, p < 0.05), and a significant increase in visual scanning (F 4,16 = 11.6, p < 0.05) and muscle resistance (F 4,16 = 11.0, p < 0.05), but had no significant effect on other motor behaviors, including foraging, object exploration, grooming and scratching (not shown). MPEP also did not induce ataxia or affect vocalization, static or resting postures.
Dizocilpine had no significant effects on observable behavior with the exception of muscle resistance, which was increased by the highest dose of dizocilpine (p <0.05, Dunnett's test). In addition to scored behaviors, emesis was observed in the majority of monkeys after 1.8 mg/kg MPEP, but was not observed after any dose of dizocilpine.
This article has not been copyedited and formatted. The final version may differ from this version. MPEP also has been reported to inhibit norepinephrine transport (NET) and to mimic the effects of prototypic NET inhibitors on cellular activity in the amygdala and locus coeruleus of rats (Heidbreder et al., 2003) . Although inhibition of NET could have contributed to some of the effects of MPEP in our study (e.g., reduced locomotion), it is not likely to be the mechanism DS effects of cocaine (Spealman, 1995) and to mimic rather than attenuate cocaine-induced reinstatement of drug-seeking behavior in squirrel monkeys (Spealman et al., 2004) . Our finding that dizocilpine attenuated self-administration of cocaine is consistent with a previous report that dizocilpine attenuates cocaine self-administration under a FR schedule in rats (Pierce et al., 1997) . Dizocilpine also has been reported to increase the break point for selfadministered cocaine under a progressive-ratio schedule in rats (Ranaldi et al., 1996) . These findings have been interpreted as evidence for enhancement of the reinforcing effects of cocaine by dizocilpine. A similar interpretation could apply to our results, as the doses of selfadministered cocaine used in the present study were those that maintained maximum response rates in individual monkeys (i.e., the peak of the inverted U-shaped dose-response curve for cocaine self-administration). Under such conditions, decreases in self-administration could reflect either enhancement or inhibition of cocaine's reinforcing effects (cf. Mello and Negus, 1996) . Direct comparison of the effects of MPEP and dizocilpine over a wider range of doses of self-administered cocaine will be necessary to provide a more definitive characterization of the effects of the glutamate antagonists on cocaine reinforcement.
In the absence of cocaine, neither MPEP nor dizocilpine reinstated cocaine-seeking behavior or engendered cocaine-like DS effects. Given the cocaine-antagonist properties of MPEP in our study, its lack of cocaine-like activity was not unexpected. Dizocilpine, on the other hand, has been shown to reinstate cocaine-seeking behavior in rats (De Vries et al., 1998) , and both dizocilpine and CGP 37849 substitute partially for the DS effects of cocaine in this species (Kantak et al., 1995 (Kantak et al., , 1998 . None of these effects were observed in the present study. The reasons for these contrasting findings in squirrel monkeys and rats could not be determined from our study, but may reflect species differences in pharmacokinetics (Hucker et al., 1983) , This article has not been copyedited and formatted. The final version may differ from this version. , 1997; Meoni et al., 1998) , or differences in experimental procedure. It is unlikely that the failure of dizocilpine to induce significant cocaine-like effects was the result of using inadequate doses, as 0.1 mg/kg dizocilpine eliminated operant responding in the majority of subjects trained to discriminate cocaine (cf. Table 3 ) and similarly high doses have been found to induce sedation and ataxia in squirrel monkeys (Rupniak et al., 1993) .
To summarize our principal findings, MPEP attenuated cocaine self-administration, cocaineinduced reinstatement of drug seeking, and the DS effects of cocaine at doses that did not severely impair motor behavior or operant responding maintained by food delivery. Dizocilpine also attenuated self-administration of cocaine, but did not block reinstatement of cocaine seeking and enhanced the DS effects of cocaine. These findings point to a potentially important contribution of mGluR5 mechanisms to the behavioral effects of cocaine related to its abuse and 
